Radiofrequency ablation has become an accepted treatment option of patients with primary and metastatic liver tumors. We propose an ablation electrode array consisting of 4-8 blade shaped electrodes arranged in a circular geometry for the treatment of large liver tumors. We developed a 3D code based on the finite difference method for evaluating the effect of different numbers of electrodes (4, 6 and 8) and electrode distance on lesion size. The configuration with six electrodes can ablate a volume of 70 × 70 × 40 mm 3 in approximately 5 min, with tissue temperature above 50
Introduction
Radiofrequency (RF) ablation is an accepted, heat-based method used for treating cancer of the liver, kidney, bone and lung in certain patient populations (Ni et al 2005 , Gillams 2005 , Nguyen et al 2005 , Mayo-Smith and Dupuy 2004 , Gervais et al 2003 , Groenemeyer et al 2002 , Curley et al 2002 , Neeman and Wood 2002 . During RF ablation, electrodes are inserted percutaneously (i.e. through a small incision), during laparoscopy, or during surgery and RF energy is applied through the electrodes. The tumor is destroyed by coagulation necrosis once it reaches temperatures higher than 50
• C for approximately 1-3 min. A current limitation of the RF tumor ablation is the inability of prevailing devices to treat tumors larger than 5 cm. Previous studies have proposed a new method of rapidly switching RF energy between multiple electrodes (Schutt et al 2008 , Haemmerich et al 2004 , Lee et al 2003 , which allows the use of multiple RF electrodes simultaneously, reducing the treatment time.
RF ablation is usually performed by heating the entire volume of the tumor by placing an electrode in the tumor, and the tumor is heated from the inside out. A single ablation with current devices takes between 12 and 35 min and creates an ablation zone of 3-4 cm in diameter, depending on the device type. For large tumors, multiple ablations have to be performed sequentially (Dodd et al 2001) . This method is both technically difficult and time consuming. This work presents a new approach where multiple electrodes are placed surrounding the tumor, allowing rapid heating of the tumor volume in a single ablation procedure. Furthermore, unlike conventional ablation devices, there is no need for ground pads, which eliminates the risk of skin burns below the pads. Figure 1(a) shows the electrode arrangement for a six-electrode configuration. In our design, multiple electrodes are placed circumferentially around the tumor. Thus, different from previous RF ablation devices, the tumor is heated from the outside, i.e., the temperature propagates from the electrodes to the center of the array. RF energy is applied in bipolar mode between opposing electrodes, and switched in short (0.1 s) intervals between electrode pairs (see figure 1(b) ). Since tissue heating is a comparably slow process with time constants in the second range, all electrodes effectively heat the tissue simultaneously. The number of electrodes as well as their dimensions determines the total volume to be isolated.
In this work, the new electrode configuration is computationally analyzed and experimentally validated. A code based on the finite-difference method (FDM) was developed. The FDM has some advantages over the finite-element method (FEM) if the structure does not have a complex geometry and can be based on a regular mesh. This method is matrix-free and is usually faster than the FEM for the same mesh size. The FDM was used for all the derivatives involved in the equations.
The objective of the proposed ablation device was to achieve a faster ablation of large tumors than current devices. In this work, we investigated three different electrode configurations. Arrays of four, six and eight electrodes were simulated. In order to determine the coagulation zone, we investigated the behavior of the proposed configurations with respect to the radial distance between the opposite electrodes and with respect to the applied voltage. Moreover, we built an experimental device prototype in order to validate the numerical results.
Materials and methods

Numerical model
In order to simulate the structure shown in figure 1(b) , we used the finite difference method (FDM) based on Pennes' bioheat equation (Pennes 1948) :
where T is the temperature (K), J is the current density (A m −2 ), E is the electric field intensity (V m −1 ), ρ is the density (kg m −3 ), c is the specific heat (J kg
is the blood density (kg m −3 ), c b is the specific heat of the blood (J kg −1 K −1 ), ω is the blood perfusion coefficient (s −1 ) and T b is the blood temperature (K). Equation (1) defines the solution in the spatial domain including both the electrodes and tissue. The procedure is usually done in the frequency range of 400-600 kHz. For these frequencies, the wavelength in tissue is in the region of 500 m. Since the largest dimension of the structures of interest is much smaller than 1 m, it is possible to neglect any wave propagation effects and approximate the term J · E by σ |∇V | 2 , where σ is the electrical conductivity (S m −1 ) and V is the electric potential. We assume that σ is constant up to 100
• C since the influence of its temperature dependence behavior is negligible in terms of ablation zone dimensions (Tungjitkusolmun et al 2000) . In addition, it is possible to use the quasi-static approximation and obtain the electric potential V using a finite difference method for solving Laplace's equation (2) at the beginning of the simulation:
The FDM is used to solve all the partial derivatives involved in (1). Each derivative is approximated as shown in (3),
where ψ is the temperature, t refers to the time and s refers to the spatial coordinates x, y and z. The derivatives involved in (2) are calculated by similar approximations to those in (3). Here, an iterative algorithm for solving the equation is used. If, after two calculations, the difference between the previous and the current values for V is smaller than 0.001 V in the entire domain, the solution is reached. If not, V is recalculated for the entire domain. Since we apply voltages in the tens of volts range, this tolerance is suitable. 
The computational domain of the simulation was 160 × 160 × 160 mm 3 . In the simulations, we used grid sizes of s = 1 mm and t = 0.01 s. The choice for t is not arbitrary, but it was selected to ensure the stability criterion, as in Incropera and DeWitt (1996) . The choice for s was based on the desired accuracy. Larger values would result in faster simulations but at the expense of less accuracy. We tested s = 1 mm and s = 0.5 mm and the error between the two was less than 1% at the center of the domain. Dirichlet's boundary condition is used to truncate the computational domain. This means V = 0 and T = 37
• C (normal blood temperature) at the boundaries. The tissue parameters used in the simulations are given in table 1. In the simulations the electrodes were considered as plates with zero thickness and dimensions 34 mm × 10 mm.
In order to analyze the temperature profile for different electrode configurations, we simulated the circumferential configuration with different numbers of electrodes: four, six and eight electrodes. The actual shape for each configuration was rectangular, hexagonal and octagonal. For the simulations, we varied (a) the distance between the electrodes, (b) the voltage applied to the electrodes and observed the time required for the ablation procedure. Two stop criteria were used: the minimal temperature at any point at the center of the cylindrical volume defined by the electrode array and the total time for the procedure. Once the lowest temperature at the center of the volume reached 50
• C (typically considered the minimum temperature to cause cell death) or 90
• C (maximum temperature at the center when the electrodes reach 110
• C), the simulation would stop. Also, the simulation would cease if the procedure took more than 20 min in order to limit the ablation time to a clinically relevant period. In addition, we evaluated the switching time from 0.05 to 0.2 s in order to verify any influence of this parameter in the temperature profile. In order to calculate the dissipated power that results from a certain voltage one has to integrate the term J · E = σ |∇V | 2 over the entire domain in equation (1). In clinical devices, maximum tissue temperature is limited to approximately 100-110
• C. Above 100 • C, tissue vaporization results in an electrically insulating region preventing further heating. Therefore, clinical devices use different control algorithms to keep maximum tissue temperatures close to 100
• C. Here, we used trial and error to determine the required voltage to produce tissue temperatures in the range of 100-110
• C. To simulate the behavior, we assumed the electric conductivity had the profile shown in equation (4). This prevents the simulation from producing excessively high temperature values:
Experimental model
The results of the numerical simulations allowed us to guide the experimental study. In addition, the experimental study was used to validate the numerical model. Among the simulated configurations, we chose the one with a homogeneous temperature distribution while keeping a simple geometric configuration in order to build the experimental apparatus (6 electrodes, 1 cm wide, 4 cm electrode length, 4 cm separation). We performed an experimental trial. We used a piece of polyacrylamide gel (commonly used as a phantom for ablation studies) (Merkle et al 1999 , McDonald et al 2004 , McCann and Sherar 2006 with added bovine albumin to show coagulation. The electrical conductivity of the polyacrylamide gel was 0.25 S m −1 , its thermal conductivity was 0.56 W m −1 K −1 and its specific heat was 3810 J kg −1 K −1 (Davidson and Sherar 2003) . The initial temperature of the phantom was 23
• C (room temperature) before the experiment was conducted. After the electrode array was inserted into the gel, a thermocouple array with three collinear sensing elements (IT-17(3), Physitemp, Clifton, NJ) was inserted at the center of the electrode array using a standard 16-gauge hypodermic needle. The three individual thermocouples were located 1 cm apart (see figure 9 (a)). After placement of the electrodes and thermocouples, a custom control program and switching circuit was used to apply RF power from a commercial generator (500 W, 375 kHz, AEI PDX-500, Fort Collins, CO) sequentially to the electrode pairs with a switching period of approximately 150 ms for 5 min. Initially, we applied 100 V to the electrode pairs, and thereafter the voltage was automatically adjusted by the generator such that constant power (135 W) was applied to the electrodes. Since the computer model did not include temperature-dependent changes to electrical conductivity below 100
• C, the computer model also applied constant power and thus the simulation and experimental results are comparable. We recorded the temperatures at the three thermocouples throughout the trial at a sampling rate of 100 Hz using a data acquisition card (DAQcard-6036E, National Instruments, Austin, TX) and then averaged the temperatures for comparison with the numerical simulation.
Results
Numerical simulation
For all simulations the interval between each switching was 0.1 s. Figure 2 shows the voltage distribution around the electrodes for the four-electrode configuration. The voltage distribution changes slightly for the six-and eight-electrode configurations. This was due to the presence of extra electric conductors, but it was concentrated around the plates that are turned on, as in the four-electrode configuration.
In figure 3 , we changed the electrodes' voltage and observed the time necessary for the temperature at the center of our domain to reach 50
• C (i.e. to ablate the whole tissue region surrounded by the electrodes). As expected, the required voltage increased with electrode separation and a longer time was required to achieve 50
• C at the center. The maximum temperature was monitored and was 109.4
• C when we applied 110 V at 40 mm electrode distance.
In a second study, we used the configuration with six electrodes at the same distances as used in the four-electrode configuration. Figure 4 shows the time necessary to heat the center of the domain versus the applied voltage at the electrode. The maximum temperature was monitored and was 108.4
• C when we applied 110 V at 40 mm configuration. In another analysis, we used a configuration with eight electrodes for the same distances as used in the two other configurations. The same exponential behavior was observed for the eight-electrode configuration when plotting the time to increase the temperature at the center to 50
• C as a function of the voltage for different distances between opposing electrodes. Figure 5 shows this behavior.
An additional investigation was to compare the performance of the three different configurations for the same voltage applied at the electrodes. Thus, we compared the time necessary to heat the center of our domain as a function of the distance between opposite electrodes for a fixed value of voltage (100 V). The results are shown in figure 6 .
A very important analysis is to find the maximum possible voltage that does not result in considerable tissue charring, which creates an electrically insulated layer that prevents further power deposition into the liver tissue. We approximate the maximum possible voltage in the model by applying a voltage so that we have at least 90
• C at the center of the electrode. Figure 7 shows this behavior.
Furthermore, the temperature distribution that allows for estimating the ablation zone is significant. This is important since from that, we can determine the tumor size that can An animated movie showing the evolution of the temperature with transparent planes can be seen at http://www.ene.unb.br/∼geb/heat.avi.
Experiment
The extent of thermal coagulation during the experimental study can be seen in figures 9(a) and (b). Figures 9(c) and (d) show the results of the numerical simulation with the same parameters as in the experimental study. After 5 min, the final average temperature at the center of the array was 97
• C. Figure 10 shows the temperature at the center of the phantom gel. As one can see, our model can accurately predict the temperature at the center of the phantom. The vertical bars show the standard deviation of the measured temperature at the surface of the phantom.
Discussion
Currently employed devices for tumor ablation typically use needle electrodes that are placed in the tumor, and subsequently heat the tumor from the center. While these devices generally work well for small tumors, treatment of large tumors is often time consuming and requires multiple ablations to treat the whole tumor.
In this study, we tested a new ablation device which employs multiple blade-shaped electrodes ( figure 1(b) ) that are inserted around the tumor for treatment of large tumors. This device is likely not feasible for use in minimally-invasive procedures, but would be simple to use during open surgery and possibly during laparoscopy. The multiple electrodes of the array are energized bipolar, where each pair of opposing electrodes is activated for brief time periods ( figure 1(b) ). We developed a three-dimensional finite difference code for analyzing three configurations with different numbers of electrodes (4, 6 and 8). Moreover, we performed an experimental in vitro study for validating the results. While our results demonstrated that larger volumes require longer procedures and higher voltages (see figures 6 and 7), we showed that ablation volumes up to 70 mm in diameter can be abated within less than 5 min. The comparison between figures 3 and 5 shows that increasing the number of electrodes from four to eight does not speed up the procedure considerably. This result is confirmed in figure 7 . Moreover, figures 3-5 show that all the configurations take approximately the same time to heat the center of the volume, suggesting little benefit of using large numbers of electrodes. Figures 3-5 show that if applied voltages (and therefore power) are sufficiently high (in our case, higher than 100 V), the ablation procedure takes nearly the same time for all the three configurations.
The results for simulations of the three configurations with faster and slower switching times (0.05 s and 0.2 s) did not show any difference, suggesting that a decrease in the switching time to less than 0.2 s is not beneficial. Since the switching time is much faster than the timeconstant of tissue heating, from a heat-transfer point of view, all electrodes heat the tissue simultaneously.
Figures 8(a)-(d) and 9(a)-(d) show the size and geometry of the ablation zone that can be created with these devices. We found that we can ablate a cylindrical volume 70 mm in diameter and 40 mm high with six or eight electrodes placed 4 cm apart after 5 min ablation time due to thermal conduction from the electrodes radially outwards. The height of the ablation zone can potentially be adjusted in a patient-specific manner by varying the length of the active electrode region. Figures 8(a)-(c) show that in regard to the ablation zone geometry, the configurations with six and eight electrodes perform better than the four-electrode configuration by creating a more spherical ablation zone. Figure 8 (d) illustrates that the temperature distribution and ablation zone shape in a plane parallel to the electrode axes assumes an hourglass shape.
Similar to standard tumor ablation devices, temperatures are the highest in close proximity of the electrodes. However, we do get a considerably more uniform temperature profile with the electrode array presented here with temperatures up to 90
• C at the center of the array, i.e. 2 cm from the electrodes. These higher temperatures would also suggest less susceptibility of the ablation zone to vascular mediated cooling by large vessels in proximity of the tumor.
One disadvantage of the proposed design is increased tissue trauma due to (1) insertion of multiple electrodes, and (2) larger (1 cm wide) electrodes in comparison to current devices, which may result in increased morbidity. We also note that there is heating and ablation of tissue outside the electrode array (see figure 9(d) ). This is not necessarily a disadvantage since during ablation procedures the goal is to ablate the tumor plus a margin of 1 cm of surrounding normal tissue. That is, if the electrode array is placed right at the tumor boundary, ablation outside the array may facilitate ablating the 1 cm rim of normal tissue. However, this issue has to be considered to avoid damage to nearby sensitive tissues (e.g. heart, diaphragm). In addition to the computational models, we built a prototype device with six electrodes spaced 4 cm apart, and compared the temperature and size of the coagulated region to the computational models (figures 9(a)-(d) and 10). In vitro studies performed in a gel phantom confirmed that the volume within the electrodes can be coagulated (visualized in figures 9(a) and (b) as whitish regions) within 5 min. In addition, we found good correlation between temperatures measured in the phantom and in computational models (figure 10).
Conclusion
We presented a novel ablation device employing multiple blade-shaped electrodes. These allow more rapid heating of large volumes and provide more uniform tissue temperatures within the treatment region compared to current devices. Such a device may allow more effective treatment of large tumors during open surgery or laparoscopy.
